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long-chain	polyunsaturated	 fatty	acids	 (LC-PUFA).	However	 the	benefits	are	a	more	secure	and	 less	15	
volatile	raw	material	supply,	together	with	environmental	feed	contaminants	at	low	or	undetectable	16	
levels	 in	 the	 resulting	 salmon	product.	 There	 is	widespread	adoption	of	 standards	 and	 certification	17	
schemes	 by	 Scottish	 salmon	 farmers	 and	 feed	 suppliers	 in	 order	 to	 demonstrate	 environmental	18	
sustainability.	 This	has	 focused	 in	particular	on	use	of	 certified	 ingredients	 from	 sustainable	 supply	19	
sources	(‘responsible	sourcing’).	Future	volume	estimates	of	Scottish	salmon	production,	hence	feed	20	
requirements,	 are	 insufficient	 to	 threaten	 raw	 material	 supply	 compared	 with	 global	 markets,	21	
although	 it	 is	 argued	 this	 is	 likely	 to	 involve	 greater	 use	 of	 locally	 grown	 plant	 proteins	 and	 an	22	
increased	proportion	of	fishmeal	manufactured	from	by-product	trimmings	(derived	from	processing	23	
fish	 for	 human	 consumption).	 However,	 UK	 retail	 chains	 will	 remain	 reluctant	 to	 allow	 salmon	24	
suppliers	 to	 utilise	 land	 animal	 by-products	 due	 to	 negative	 consumer	 perceptions,	 with	 resulting	25	
implications	 for	 formulation	 cost	 and	 flexibility.	 Given	 its	 world-wide	 scarcity,	 the	 main	 strategic	26	
concern	 relates	 to	 future	 availability	 of	 sufficient	 omega-3	 LC-PUFA,	 in	 particular	 eicosapentaenoic	27	
acid	 (EPA)	 and	 docosahexaenoic	 acid	 (DHA),	 in	 order	 to	 maintain	 the	 healthy	 image	 of	 Scottish	28	
salmon.	To	maintain	its	longer-term	reputation	and	product	benefits,	the	Scottish	industry	may	need	29	
to	consider	adopting	a	more	flexible	attitude	to	using	new	alternatives	to	fish	oil	(e.g.	EPA	and	DHA	30	
derived	 from	 transgenic	 oil	 seed	 crops,	when	 commercially	 available).	 It	 is	 concluded	 that	 Scottish	31	
salmon	 farming	 is	 a	 successful	 example	 of	 sustainable	 feed	 development	 and	 the	 industry	 can	 be	32	










				Farmed	 Scottish	 salmon	 has	 a	 distinct	 market	 position,	 which	 has	 implications	 for	 feed	42	
requirements.	 The	 purpose	 of	 this	 study	 was	 to	 consider	 trends	 in	 the	 change	 in	 composition	 of	43	
Scottish	salmon	feeds	with	regard	to	the	availability	and	use	of	key	feed	ingredients,	and	to	consider	44	
the	resulting	implications	for	farmed	salmon	supply	chains.	In	particular	the	study	aim	was	to	identify	45	
the	 nutritional,	 ethical,	 marketing,	 and	 sustainability	 issues	 surrounding	 reduced	 reliance	 of	 the	46	





Salmon	 farming	 is	 the	most	highly	developed	 form	of	 large-scale	 intensive	aquaculture	owing	 to	 its	52	
productivity	growth	and	technological	change	since	the	industry	started	in	the	1970’s	in	Norway	and	53	
Scotland;	 it	 represents	 a	 highly	 efficient	 mechanism	 for	 transforming	 marine	 resources	 into	 high	54	
quality	 food	 that	 is	 available	 on	 a	 year	 round	 basis	 (Hognes	 et	 al.,	 2011;	 Ytrestøyl	 et	 al.,	 2011).	55	
Estimated	global	production	of	farmed	Atlantic	salmon	in	2013	was	approx.	1.8	million	tonnes	and	is	56	
dominated	 by	 Norway	with	 1.1	million	 tonnes	 (Kontali,	 2013).	 The	much	 smaller	 Scottish	 industry	57	
(163,234	tonnes	in	2013,	Table	1)	closely	parallels	Norway	in	terms	of	farming	technology	and	is	now	58	
mainly	 in	 Norwegian	 ownership.	 The	 compound	 annual	 growth	 rate	 (CAGR)	 for	 farmed	 Atlantic	59	
salmon	was	6	%	on	a	global	basis	from	2003	–	2013,	but	is	now	decreasing	(Marine	Harvest,	2014).	In	60	
both	 Scotland	 and	Norway	 the	 growth	 in	 salmon	 farming	 has	 resulted	 in	 year-round	 availability	 of	61	
cost-efficient,	 affordable	 salmon	 products	 on	 a	 greatly	 increased	 scale,	 while	 creating	 wealth	 and	62	














	Despite	 being	 relatively	 small	 in	 volume	 compared	 with	 Norway	 and	 Chile,	 the	 Scottish	 salmon	76	
industry	 holds	 a	 distinctive	 position	 in	 world	 markets.	 Whereas	 the	 Norwegian	 salmon	 farming	77	
industry	is	the	leading	world	producer	and	exporter	of	farmed	salmon	as	a	standardised	commodity	78	
product,	 including	 to	 the	UK	market,	 the	 Scottish	 industry,	 lacking	 comparable	economies	of	 scale,	79	











favourable	 nutrient	 compositions	 and	 reflecting	 a	 major	 food	 item	 for	 a	 carnivorous	 species	 like	91	
salmon	 (NRC,	 2011).	 Apart	 from	 a	 need	 for	 low	 levels	 of	 essential	 fatty	 acids	 for	 salmon	 growth,	92	
supplied	 via	 small	 quantities	 of	 (the	 oil	 present	 in)	 fishmeal	 or	 via	 fish	 oil,	 fishmeal	 itself	 is	 not	 an	93	
essential	 feed	 ingredient	 for	 aquaculture	per	 se,	 but	 it	 provides	 a	 near	 optimal	 complete	 feed	 in	 a	94	
convenient,	 cost-effective,	 and	 highly	 digestible	 product	 form	 (Tacon	 and	Metian,	 2008).	However,	95	
the	pattern	of	stagnating	wild	fisheries	and	the	fast	growth	of	aquaculture	risked	over-dependence	on	96	
a	 limited	 range	 of	 feed	 ingredients,	 especially	 fishmeal	 and	 fish	 oil,	 while	 the	 issues	 involved	 in	97	
replacement	by	alternative	proteins	and	oils	were	soon	recognised	(Sargent	and	Tacon,	1999;	Naylor	98	
et	al.,	2000).	For	reasons	of	cost	reduction	and	security	of	supply,	cheaper	alternative	ingredients	(e.g.	99	
soyabean	 meal;	 rapeseed	 oil)	 have	 therefore	 been	 researched	 and	 progressively	 substituted	 in	100	











to	 reporting	 requirements	 and	 policy	 issues.	 However,	 until	 recently	 the	 same	 three	 fish	 feed	108	
companies	dominated	feed	manufacture	in	both	countries	(i.e.	BioMar,	Ewos	and	Skretting,	although	109	
Marine	 Harvest	 has	 now	 also	 entered	 feed	 manufacture	 in	 Norway).	 Therefore,	 the	 two	 salmon	110	
farming	 industries	 are	 similar	 with	 some	 key	 differences	 in	 response	 to	 UK	 market	 focus,	 e.g.	 on	111	
omega-3.	 Thus	 feed	 formulation	 trends	 are	 broadly	 comparable	 between	 the	 two	 countries,	 with	112	
Scottish	 salmon	 feeds	 being	 more	 conservative	 in	 terms	 of	 rate	 of	 change	 and	 more	 varied	 in	113	





mostly	 by	 farm	 customer	 requirements	 linked	 in	 turn	 to	 retail	 requirements.	 Although	 the	119	
consultation	revealed	average	Scottish	salmon	diets	for	2013/14	comprised	approximately	60	%	plant	120	
and	 40	 %	marine	 ingredients,	 this	 obscures	 the	 large	 range	 of	 different	 Scottish	 formulations;	 for	121	
instance	in	2014	c.	7,000	tonnes	(4	%)	of	salmon	production	was	made	for	export	to	the	Label	Rouge	122	
salmon	 specification	with	 a	marine	 feed	 content	 of	 51	%,	whereas	 there	 is	 also	 significant	 salmon	123	
volume	being	produced	approximating	to	lower	Norwegian	diet	specifications.	At	the	same	time	there	124	
has	 been	 a	move	 in	 Scotland	 during	 2013/2014	 towards	 use	 of	 high	 performance	 diets	 of	 variable	125	
specification,	 but	 generally	 higher	 use	 of	 fishmeal.	 The	 consultation	 also	 revealed	 that	 nearly	 all	126	
Scottish	feeds	are	being	currently	formulated	to	give	not	less	than	22	MJ/kg	in	order	to	achieve	faster	127	




around	25	%	and	15	%,	 respectively,	 (c.f.	around	20	%	and	10	%,	 respectively	 in	Norway),	and	with	132	
	 6	
higher	 average	 eicosapentaenoic	 acid	 (EPA,	 20:5n-3)	 and	 docosahexaenoic	 acid	 (DHA,	 22:6n-3)	133	
required	 for	 Scottish	 farmed	 salmon.	 In	 Scotland	 (and	Norway)	 there	 is	 no	 use	 of	 land	 animal	 by-134	




maize;	 pea	 protein	 concentrate;	 and	 other	 ingredients	 have	 been	 used	 in	 minor	 proportions,	 e.g.	139	
rapeseed	 protein	 concentrate,	 palm	 oil,	 tapioca	 starch	 etc.,	 with	 usage	 based	 on	 least	 cost	140	






				The	 replacement	 of	 finite	 marine	 feed	 resources	 by	 plant-based	 ingredients	 (and	 fishery	 by-147	
products),	is	enabling	salmon	farming	to	achieve	net	fish	protein	production	and	possibly	net	marine	148	
oil	 production	 (Crampton	et	 al.,	 2010;	 Bendiksen	 et	 al.,	 2011;	 Sanden	et	 al.,	2011).	This	 continuing	149	








sustainably	 managed	 stocks	 (or	 from	 fishery	 by-products);	 hence	 an	 increased	 utilisation	 of	 plant	158	







(equivalent	to	c.	1.2	%	of	total	 feed),	 this	 then	approaches	the	1	%	risk	area	for	essential	 fatty	acid	165	
deficiency	in	salmon	and	could	predispose	to	health	problems	or	reduced	performance	(Ruyter	et	al.,	166	
2000a,b).	This	risk	 is	 likely	to	be	exacerbated	by	the	 increased	use	of	higher	performance	diets	and	167	
resulting	 higher	 growth	 rates	 (NRC,	 2011).	 The	 implications	 of	 falling	 omega-3	 LC-PUFA	 levels	 for	168	
salmon	consumers	are	considered	in	section	4.	In	the	case	of	increased	plant	protein	usage,	it	is	well	169	
recognised	that	the	risks	relate	to	the	need	to	supplement	with	certain	amino	acids	(e.g.	 lysine	and	170	
methionine),	 whereas	 the	 presence	 of	 anti-nutritional	 compounds	 requires	 prior	 processing	 of	 the	171	





				The	 Norwegian	 Scientific	 Committee	 for	 Food	 Safety	 concluded	 that	 the	 benefits	 of	 eating	 fish	177	
clearly	 outweigh	 the	 negligible	 risk	 presented	 by	 current	 levels	 of	 contaminants	 and	 other	 known	178	
undesirable	substances	(VKM,	2014).	As	regards	farmed	salmon,	concentrations	of	dioxins	and	dioxin-179	
like	polychlorinated	biphenyls	(PCBs),	as	well	as	of	mercury,	have	decreased	by	about	30	%	and	50	%,	180	
respectively,	 compared	with	 the	 corresponding	 levels	 in	 2006,	 due	 to	 replacement	 of	marine	 feed	181	
ingredients	 by	 plant	 ingredients.	 New	 fish	 feed	 contaminants,	 such	 as	 the	 pesticide	 endosulfan,	182	
polyaromatic	 hydrocarbons	 (PAHs),	 and	 mycotoxins	 are	 unlikely	 to	 be	 a	 safety	 issue,	 since	 the	183	
concentrations	are	very	 low	and	not	detectable	with	sensitive	analytical	methods	 (VKM,	2014).	The	184	
health	 risk	 associated	with	 brominated	 flame-retardants	 (PBDEs)	 is	 low.	 In	 contrast	 to	 their	 earlier	185	
conclusions,	 VKM	 stated	 that	 there	 is	 now	 no	 reason	 for	 specific	 dietary	 limitations	 on	 fatty	 fish	186	
consumption	for	pregnant	women.	 It	 is	 likely	that	the	contaminants	picture	 in	Scottish	salmon	feed	187	
closely	 parallels	 the	 Norwegian	 experience,	 with	 the	main	 differences	 due	 to	 local	 UK	 sourcing	 of	188	
fishery	by-products,	 the	slower	rate	of	 replacement	of	marine	 ingredients	 in	Scottish	diets,	and	the	189	
greater	use	of	bespoke	salmon	diets	in	Scotland	with	higher	marine	content.	The	switch	from	marine	190	
to	 predominately	 plant-based	 diets	 will	 not	mean	 a	 greater	 risk	 of	 pesticide	 contamination	 of	 the	191	










the	 dominant	 world	 supplier	 followed	 by	 Chile.	 There	 may	 be	 a	 decreasing	 trend	 for	 marine	201	
ingredient	production	(e.g.	fishmeal	production	in	2012	and	2013	was	around	12	%	less	than	the	11	202	
year	 mean	 at	 4.56	 and	 4.68	 million	 tonnes,	 respectively	 (IFFO,	 2014)).	 Production	 is	 subject	 to	203	
environmental	influences	and,	whereas	the	potential	impact	of	climate	change	is	not	well	understood	204	
(Callaway	et	al.,	2012),	acute	phenomena,	such	as	El	Niño,	have	well-known	consequences,	especially	205	
for	 the	Peruvian	anchovy	 fishery	 (Shepherd	and	 Jackson,	2013).	Given	 these	supply	uncertainties	 in	206	
the	 dominant	 southern	 Pacific	 anchovy	 fishery,	 compounded	 by	 increased	 regulatory	 focus	 on	207	





in	 2014	 was	 c.	 39,000	 tonnes	 (T.	 Parker,	 United	 Fish	 Products,	 personal	 communication),	 but	 in	213	
practice	 at	 least	 50	 %	 of	 fishmeal	 requirements	 need	 to	 be	 imported	 as	 some	 of	 this	 domestic	214	
production	 is	 from	 salmon	 processing	 offal	 and	 therefore	 cannot	 be	 fed	 back	 to	 salmon.	 Logistics	215	










				The	 requirement	 for	 feeds	 with	 a	 high	 nutrient	 density	 ordinarily	 favours	 using	 plant	 protein	225	
concentrates.	These	are	most	readily	available	from	oilseeds,	including	rapeseed	and	sunflower	seed,	226	
but	 the	 most	 widely	 used	 is	 SPC.	 Although	 their	 global	 availability	 as	 bulk	 commodities	 is	 not	 a	227	
constraint	 on	 fish	 feed	 (e.g.	 2015/2016	 estimated	 global	 supply	 of	 oilseeds	 is	 531	 million	 tonnes;	228	
USDA,	2015),	the	availability	of	protein	concentrates	is	less.	229	








global	 supply	 and	 totals	 only	 7.5	 %	 for	 combined	 Norwegian	 and	 Scottish	 salmon	 production;	238	
however,	these	are	underestimates	as	the	yield	of	concentrates	is	c.	61.5	%	of	harvested	soya.	Despite	239	








(e.g.	 Canola).	 Global	 production	 of	 rapeseed	 oil	 for	 2014/15	 was	 26.98	 million	 metric	 tons	 and	248	







				World	usage	of	 fish	oil	 from	2003	 to	2013	 is	 given	 in	 Fig.	 6,	with	 increasing	demand	 from	direct	255	
human	 consumption	 (so-called	 ‘nutraceuticals’)	 appearing	 to	 be	 at	 the	 expense	 of	 aquaculture.	256	
Aquaculture	use	averaged	around	800,000	tonnes	per	annum	until	2012,	but	declined	to	just	below	257	














US$2,500	 -	 US$3,000/tonne	 for	 high	 omega-3	 Peruvian	 fish	 oil	 delivered	 into	 Europe	 (IFFO,	272	
unpublished).	Table	2a	 indicates	2014	global	production	was	only	140,000	tonnes	of	combined	EPA	273	
and	 DHA	 (compared	 with	 a	 ‘normal’	 year	 of	 up	 to	 c.	 200,000	 tonnes)	 giving	 total	 availability	 of	274	
170,000	 tonnes	 including	 year-end	 stock	 carry-over	 (after	Meinich,	 2014).	 Table	 2b	 indicates	 total	275	
consumption	of	combined	EPA	and	DHA	for	salmon	feed	in	2014	was	c.	50,000	tonnes,	equating	to	an	276	
inclusion	 rate	 in	 the	 oil	 fraction	 of	 global	 salmon	 feed	 of	 around	 6	 %	 after	 taking	 account	 of	277	
consumption	by	non-salmonid	aquaculture,	direct	human	nutrition,	and	technical	uses	(after	Meinich,	278	
2014).	279	






Due	 to	 high	 fish	 oil	 prices,	 non-traditional	 sources	 are	 now	 appearing	 on	 world	 markets,	 e.g.	285	
Sardinella	spp	 from	north-west	Africa	 (C.	Meinich,	Chr.	Holtermann	ANS,	personal	 communication),	286	
although	 such	 sources	 are	unlikely	 to	be	 satisfactory	 in	 regard	 to	 certification	 requirements	 for	UK	287	
salmon	 feed	use	 (see	5.1).	High	prices	will	 tend	 to	dampen	demand	 from	price	 sensitive	 segments.	288	
Demand	growth	for	human	nutrition	and	non-salmon	aquaculture	would	be	expected	to	be	around	289	
2.5	%	 -	5	%	per	annum;	however,	human	nutrition	growth	has	 stalled	 since	2013	 (A.	 Ismail,	GOED,	290	
personal	 communication)	 and	 fish	 oil	 inclusion	 in	 non-salmonid	 feeds	 can	 be	 expected	 to	 fall	 at	291	
current	prices.	292	
				Historical	 precedent	 provides	 confidence	 of	 a	 likely	 strong	 rebound	 in	 Peruvian	 anchovy	 stocks	293	
following	the	current	oceanic	conditions	of	El	Niño,	with	a	recovery	now	likely	during	2016,	in	which	294	
case	annual	global	fish	oil	supply	will	then	increase	towards	more	‘normal’	annual	production	levels	295	
approaching	 c.	 1	 million	 tonnes	 of	 crude	 fish	 oil	 (corresponding	 to	 up	 to	 a	 maximum	 of	 200,000	296	
tonnes	of	combined	EPA	and	DHA).	History	also	suggests	that	such	 ‘normal’	 levels	will	be	sustained	297	
until	 the	 next	 El	 Niño	 event,	 which	 is	 unlikely	 to	 occur	 before	 2020.	 Assuming	 a	 2.5%	 compound	298	
annual	growth	rate	(CAGR)	for	both	direct	human	nutrition	and	salmon	farming	and	5%	CAGR	for	non-299	
salmon	aquaculture	from	2016,	this	will	permit	pro-rata	growth	in	EPA	and	DHA	demand,	with	total	300	
consumption	 of	 170,000	 tonnes	 in	 2016	 increasing	 to	 192,000	 tonnes	 in	 2020	 (including	 55,000	301	























				In	 a	 recent	 study	 of	 different	 farmed	 and	 wild	 salmon	 products	 available	 during	 2013	 in	 retail	324	
outlets	 in	Scotland,	Henriques	et	al.	 (2014)	showed	that,	although	wild	salmon	products	had	higher	325	
relative	values	of	EPA	and	DHA,	farmed	salmon	products	generally	delivered	a	higher	dose	of	EPA	and	326	
DHA	 compared	 to	 the	wild	 salmon	products,	 due	 to	 their	 higher	 lipid	 content,	 and	were	 therefore	327	






The	 consultation	 revealed	 there	 is	 clear	 segmentation	 in	UK	 farmed	 salmon	 supply	 between	 those	334	
retailers	willing	to	claim	that	one	portion	provides	the	weekly	required	intake	(‘formulated	to	deliver	335	
high	 levels	 of	 healthy	 omega-3	 long-chain	 fatty	 acids’	 or	 similar	wording)	 and	 those	 simply	 stating	336	
‘variable	 omega-3	 content’	 or	 similar	 wording.	 Currently	 four	 (out	 of	 nine)	 UK	 retailers	 (so-called	337	








































aurata)	 and	 could	 potentially	 supply	 c.	 150,000	 tonnes	 of	 global	 salmon	 oil.	 With	 70	 %	376	
vegetable	origin	 it	would	contain	a	maximum	10,000	 tonnes	of	 EPA	and	DHA,	 but	 its	use	377	
would	reduce	the	total	demand	from	non-salmonid	aquaculture,	making	more	EPA	and	DHA	378	




‘DHA	Gold’	 (http://www.dhagold.com/)	 is	 a	 dry	 biomass	 sold	 by	 DSM	 as	 a	 non-GM	 feed	383	
product	approved	for	sale	in	the	EU.		384	
4.6.3 Microalgal	DHA	385	
Fermentation	 of	 heterotrophic	 organisms	 (e.g.	 Schizochytrium)	 (Tocher,	 2015)	 requires	386	
fermentation	 use	 of	 energy-dependent	 organic	 substrates	 (e.g.	 sugar),	 with	 current	387	
commercial	developments	by	DSM,	ADM,	Alltech,	etc.	The	potential	applicability	of	DHA	to	388	
salmon	feed	 is	by	blending	fish	oil	 to	achieve	a	similar	1:1	ratio	of	EPA	to	DHA	as	seen	 in	389	
wild	Atlantic	salmon.	As	Peruvian	anchovy	has	an	18:12	ratio	of	EPA	to	DHA,	DHA	can	be	390	









The	 current	 shortage	 of	 marine	 sources	 of	 LC-PUFA	 (EPA	 and	 DHA)	 (section	 4.2)	 should	 start	 to	400	
reverse	soon	and	supplies	are	 likely	 to	become	normal	during	2016	and	thereafter	until	 the	next	El	401	
Niño	occurs	around	2020,	by	when	alternative	novel	sources	of	EPA	and	DHA	may	be	available	from	402	
GM	and	non-GM	sources;	otherwise	 the	 current	 acute	 shortage	becomes	a	 chronic	 shortage.	 Total	403	
2015	supply	of	fish	oil	(including	farmed	salmon	oil)	 is	estimated	at	834,800	tonnes	(E.	Bachis,	IFFO,	404	
personal	 communication)	 and	 the	 expectation	 is	 that	 average	 salmon	 feed	 inclusion	 will	 have	405	
remained	close	to	6	%	combined	EPA	and	DHA	level	in	feed	oil,	corresponding	to	the	bare	minimum	406	
	 15	
needed	 to	meet	 EFSA	weekly	 intake	 recommendation.	 The	main	 difficulty	 for	 the	 Scottish	 industry	407	
from	the	current	shortage	is	if	the	premium	segment	needs	to	reassess	its	claim	about	one	portion	of	408	
fish	 meeting	 weekly	 recommended	 requirements	 for	 omega-3	 LC-PUFA;	 if	 product	 relabelling	409	
becomes	necessary,	this	could	negatively	impact	salmon’s	image	as	a	healthy	product.	410	
				It	 is	 relevant	 for	the	 industry	to	consider	the	marginal	cost	of	additional	EPA	and	DHA	 in	Scottish	411	
feed.	For	example,	assuming	the	replacement	cost	of	anchovy	oil	(c.	26	%	combined	EPA	and	DHA)	is	412	
US$3,000/tonne	 and	 it	 is	 necessary	 to	 add	 7	%	 of	 the	 oil	 fraction	 of	 the	 feed	 as	 EPA	 and	 DHA	 to	413	
reliably	meet	the	EFSA	claim,	this	is	equivalent	at	30	%	oil	inclusion	to	2.1	%	of	the	total	feed,	hence	414	
costing	US$240/tonne.	On	this	basis	should	the	market	be	supplying	only	5	%	of	the	oil	fraction	of	the	415	
feed	 to	 conserve	 material,	 the	 additional	 2	 %	 to	 regain	 scope	 for	 the	 EFSA	 claim	 would	 cost	 c.	416	






















































uncontrolled	 soya	 production,	 especially	 in	 South	 America),	 it	 is	 perhaps	 surprising	 that	469	





the	 three	 principal	 UK	 salmon	 feed	 companies	 and	 lie	 at	 the	 heart	 of	 their	 day-to-day	 operations,	475	
including	raw	materials	purchase;	also	that	salmon	purchasing	firms	increasingly	oblige	their	suppliers	476	
to	 provide	 evidence	 demonstrating	 responsible	management	 and	 use	 of	 renewable	 resources.	 The	477	
salmon	 farm	 and	 feed-related	 certifications	 used	 currently	 by	 Scottish	 salmon	 farms	 and	 their	478	
associated	supply	chains	are	given	in	Supplementary	File	1.	Key	findings	include	the	following:	479	
(i) Over	 90	 %	 of	 Scottish	 salmon	 farms	 are	 members	 of	 the	 Scottish	 Salmon	 Producers	480	
Organisation	(SSPO)	and	subscribe	to	the	CoGP.		481	
(ii) Widespread	 adoption	 of	 ‘Freedom	 Food’/’RSPCA	 Assured’	 certification	482	
(http://www.freedomfood.co.uk/)	is	an	international	differentiator	specifying	‘sustainable	483	
feed’	and	IFFO	RS	certification	of	marine	ingredients		484	
(iii) The	 most	 widely	 (but	 not	 exclusively)	 used	 Scottish	 salmon	 farming	 certification	 is	485	







(vi) The	GAA	BAP	certification	 is	not	 currently	adopted	by	any	Scottish	producers	despite	 its	493	
leading	position	in	North	and	South	American	aquaculture	(http://gaalliance.org/what-we-494	
do/bap-certification/).		495	
(vii) Greater	 harmonisation	 between	 different	 standards	 would	 be	 beneficial;	 the	 Global	496	





To	 discover	 salmon	 sourcing	 policies	 of	 leading	multiple	 retailers	 and	processors,	 eight	 of	 the	 nine	501	
major	UK	 retailers	 and	 two	 leading	UK	 seafood	processors	were	 consulted.	 This	 confirmed	 that	UK	502	
retail	salmon	standards	are	a	complex	set	of	competing	codes	aimed	at	 increasing	retailers’	control	503	
over	the	supply	chain.	Aquaculture	focus	on	sustainable	feed	issues	is	partly	driven	by	competing	UK	504	
retailers	and	 is	 influenced	by	pressure	 from	environmental	NGOs,	which	often	compete	 for	 support	505	
from	consumers	and	supply	chains.	The	existence	of	different	private	standards	can	cause	confusion	506	
(e.g.	to	retail	fish	buyers)	and	is	poorly	understood	by	consumers.	It	appears	sustainability	issues	are	507	
being	 used	 as	 a	 competitive	 tool	 by	 firms	 highlighting	 responsible	 sourcing	 credentials,	 so	 salmon	508	











based	 on	 responsible	 harvesting	 of	 fish	 that	 are	 used	 for	 fishmeal	 and	 fish	 oil	 according	 to	520	
international	 regulations	 (backed	 up	 by	 private	 standards	 if	 necessary).	Nor	 has	 the	 FIFO	 ratio	 any	521	
obvious	nutritional	basis	and	it	is	not	therefore	a	measure	of	production	efficiency	(Tocher,	2015).		522	
				As	one	of	its	indicators	ASC	has	included	FFDR,	calculated	as	the	quantity	of	forage	fish	required	to	523	
produce	 the	 amount	 of	 fishmeal	 and	 fish	 oil	 to	 produce	 a	 unit	 of	 farmed	 fish.	 For	 2013	 the	524	









salmon	 can	 be	 produced	 with	 feeds	 containing	 high	 inclusions	 of	 plant	 ingredients	 and	 only	 low	533	
inclusions	of	marine	ingredients.	Changing	the	salmon	diet	composition	from	88	%	marine	ingredients	534	
to	85	%	plant	ingredients	resulted	in	almost	the	same	carbon	footprint	(Ytrestøyl	et	al.,	2011),	which	535	
supports	 the	 view	 of	 Torrissen	 et	 al.	 (2011)	 that	 increased	 utilisation	 of	 plant	 ingredients	may	 not	536	
provide	 an	 increase	 in	 sustainability	 as	 often	 claimed.	 The	 increased	 use	 of	 fishery	 by-products	537	
influences	sustainability;	although	they	have	little,	if	any,	alternative	use,	the	effect	on	dietary	carbon	538	
footprint	will	 depend	on	whether	 the	 life	 cycle	 analysis	 (LCA)	 calculation	adopts	economic	or	mass	539	






sources	as	 ingredients	for	aquaculture	feeds,	 including	salmon	(Gatlin	 III	et	al.,	2007;	Turchini	et	al.,	546	
2011).	Focus	here	will	be	on	alternative	current	and	emerging	protein	and	oil	 ingredients	that	have	547	







Before	 year	 2000	 animal	 proteins	 were	 widely	 used	 in	 fish	 feeds,	 but	 due	 to	 Bovine	 Spongiform	555	
Encephalopathy	(BSE),	most	animal	proteins	were	banned	from	terrestrial	and	aquatic	animal	feeds.	556	
From	 June	2013,	due	 to	 improved	 testing	methods,	use	of	non-ruminant	Processed	Animal	Protein	557	
(PAP)	has	been	approved	for	use	in	aquaculture	in	the	EU	(Regulation	56/2013).	The	following	are	the	558	
main	non-ruminant	PAP	products	in	the	UK	and	EU	now	legally	available	for	inclusion	in	aquaculture	559	
feeds:	 Poultry	 PAP;	 Feather	 meal	 PAP;	 Porcine	 PAP;	 Porcine	 blood	 meal	 PAP;	 and	 Porcine	 blood	560	
products.	EU	production	of	poultry-derived	PAP	and	of	porcine	PAP	and	blood	products	in	2013	was	561	
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6.1.4),	 despite	 technical	 benefits	 (e.g.	 blood	 meal’s	 histidine	 content	 preventing	 cataracts).	 The	569	
situation	 outside	 Europe	 with	 fewer	 BSE-related	 problems	 is	 very	 different	 (e.g.	 current	 Chilean	570	
salmon	diet	formulations	with	3	%	poultry	oil	and	19	%	LAPs).		571	
A	 voluntary	 ban	 on	 use	 of	 LAPs	 in	 salmon	 feed	 in	 UK	 (and	 Norway)	 is	 reinforced	 by	 the	 CoGP	572	
prohibiting	 use	of	 LAPs	 in	 Scottish	 salmon.	 This	 strict	 policy	 appears	 contradictory	 in	 view	of	 retail	573	
supply	of	imported	farmed	warm	water	prawns	(Penaeus	spp.),	‘River	Cobbler’	(Pangasius	spp.),	and	574	
Pacific	 salmon	 (Oncorhynchus	 spp.)	 from	 enhancement	 programmes,	which	may	 all	 have	 been	 fed	575	
LAPs.	 	 The	 rationale	 of	 the	 ban	 is	 fear	 of	 negative	 consumer	 reaction,	 variously	 linked	 to:	 BSE	576	
concerns,	the	horsemeat	contamination	issue,	the	supposed	‘unnaturalness’	of	such	ingredients,	and	577	
associations	of	animal	by-products	with	use	of	waste	material	otherwise	destined	for	landfill	disposal.	578	
The	 retailers	 consulted	 pointed	 out	 this	 is	 not	 a	 food	 safety	 issue	 and	would	 give	 access	 to	 global	579	
salmon	 production,	 but	 accept	 their	 customers	 do	 not	 wish	 the	 policy	 to	 change.	 All	 respondents	580	
referred	to	the	constraints	of	halal	and	kosher	requirements,	which	prohibit	use	of	porcine	material	581	
(e.g.	pig	blood),	hence	further	supply	chain	segregation.	In	practice	this	means	that	use	could	only	be	582	
made	 of	 poultry	 products,	 such	 as	 poultry	 offal	 meal,	 feather	 meal	 and	 poultry	 oil.	 The	 non-583	





and	continental	European	consumers.	 It	 is	therefore	not	under	consideration	 in	Scotland	and	this	 is	589	
unlikely	to	change	in	the	foreseeable	future,	despite	the	EU	having	removed	legal	obstacles	for	PAP	590	
use.	If	this	is	reconsidered	in	the	future,	robust	source	assurance	guarantees	would	be	required	and	591	





























price	 driver	 for	 switching	 to	 GM	 SPC	 in	 salmon	 feeds.	 Discussions	 in	 Norway	 about	 whether	 it	 is	620	
logistically	 possible	 to	 supply	 GM	 and	 non-GM	 feed	 at	 the	 same	 time	 by	 using	 different	 mills	621	













with	 relatively	 low	 levels	of	omega-6	PUFA,	and	has	been	used	experimentally	 to	 replace	 fish	oil	 in	634	
salmon	 diets	 (Hixson	 et	 al.,	 2014).	 However,	 it	 is	 the	 recent	 success	 in	 producing	 EPA	 and	DHA	 at	635	





been	 demonstrated	 to	 successfully	 replace	 fish	 oil	 in	 feeds	 for	 Atlantic	 salmon	 (Betancor	 et	 al.,	641	
2015a,b).	 Although	 the	 European	 Parliament	 agreed	 in	 January	 2015	 to	 allow	 individual	 member	642	
states	 to	determine	 their	GM	policy,	 regulatory	approval	 for	growing	 the	 transgenic	 crop	would	be	643	
simpler	outside	the	EU	(e.g.	in	Canada	or	USA).	Transgenic	oil	might	become	available	in	the	UK	(and	644	
Norway	via	its	EU	agreements)	by	around	2020,	subject	to	commercial	agreements	and	to	regulatory	645	
approval	 in	 the	 country	 where	 the	 crop	 is	 grown	 and	 in	 the	 EU	 as	 a	 GM	 feed	 additive.	 A	 similar	646	
timescale	seems	likely	for	the	production	of	EPA	and	DHA	from	transgenic	canola	(rapeseed)	by	a	joint	647	
venture	 between	 BASF	 and	 Cargill.	 In	 Australia	 the	 focus	 on	 transgenic	 canola	 is	 mainly	 on	 DHA	648	
(Kitessa	et	al.,	2014)	with	claims	that	commercial	supply	could	be	available	by	2017	(CSIRO,	2013).	The	649	
existence	of	an	entire	 logistical	system	for	handling	oilseed	products	means	that	the	supply	chain	 is	650	
already	 present	 and	 GM	 oil’s	 production	 cost	 need	 be	 no	 higher	 than	 conventional	 oilseeds.	 The	651	






Unless	 non-GM	 protein	 becomes	 less	 competitive	 in	 terms	 of	 supply	 and	 price,	 given	 the	 current	657	
premium	for	non-GM	SPC	(used	at	20	%	-	30	%	of	the	diet)	 is	under	10	%,	there	is	 little	commercial	658	
incentive	 for	 the	 Scottish	 industry	 to	 change	 policy	 today.	 The	 position	 with	 omega-3	 LC-PUFA	 is	659	
different	as	the	potential	commercial	availability	of	GM	oilseed	crop	sources	by	around	2020	offers	a	660	










Since	wild	 salmon	eat	 insects	during	 the	 freshwater	 stage,	 there	 is	 current	R&D	 investment	on	 the	671	




profile	 to	 meet	 salmon	 nutritional	 requirements	 (http://nifes.no/en/counting-insects-future-fish-676	
feeds/).	 It	 is	 claimed	 that	 many	 insect	 species	 are	 highly	 nutritious	 and	 their	 production	 has	 less	677	
environmental	impact	compared	with	traditional	sources	of	animal	protein.	At	an	EU	level,	EFSA	has	678	
been	commissioned	to	review	available	safety	evidence	around	insect	protein,	while	the	Commission	679	
is	 funding	the	PROteINSECT	project	 to	 investigate	quality,	safety,	processes,	and	human	acceptance	680	
around	 the	 use	 of	 insects	 in	 animal	 feed	 (http://www.proteinsect.eu).	 In	 addition	 to	 salmon	681	
nutritional	 studies,	 there	 is	 a	 need	 for	 cost-effective	mass	 insect-rearing	 facilities	 and	 a	 regulatory	682	
framework	and	 sanitary	procedures	 for	 the	 safe	use	of	bio-wastes	 (including	managing	 the	 risks	of	683	












and	 soy	 in	 aquaculture	 diets	 (http://calystanutrition.com/feedkind-protein/).	 Assuming	 the	 product	695	
proves	cost-effective	in	use,	this	has	some	clear	advantages	to	conventional	protein	sources	in	salmon	696	
feeds.	 It	remains	to	be	seen	 if	 the	product	will	 remain	feasible	 in	practice	 if	and	when	energy	costs	697	















oil	 production,	 production	 from	whole	 fish,	 consumption,	 variation	 in	 stocks,	 and	 price.	 Using	 the	713	
OECD-FAO	fish	model	for	2022,	FAO	(2014)	projected	total	fishery	production,	aquaculture,	fishmeal	714	





fish	 waste,	 cuttings	 and	 trimmings)	 (Table	 3).	 OECD-FAO	 estimate	 that	 fishmeal	 from	 by-products	719	
should	 represent	49	%	of	 total	 fishmeal	production	 in	2022	and	 that,	with	global	demand	 stronger	720	
than	 supply,	 prices	 of	 fishmeal	 and	 fish	 oil	will	 increase	 by	 6	%	 and	23	%,	 respectively,	 in	 nominal	721	
terms	 by	 2022	 (OECD-FAO,	 2013).	 Although	 the	 OECD-FAO	model	 is	 the	 best	 available,	 this	 is	 no	722	
guarantee	 of	 its	 predictive	 ability,	 especially	 if	 there	 is	 a	 possibility	 that	 the	 base	 period	 may	 be	723	
somewhat	overstated.	For	 instance	IFFO	data	give	 lower	estimates	for	the	2010	–	2012	base	period	724	








for	 pelagic	 fish	 for	 direct	 human	 consumption,	 the	 effect	 on	 reduction	 fisheries	 of	 increased	733	




chicks	 (Shepherd	 and	 Jackson,	 2013).	 This	 is	 in	 turn	 influenced	 by	 innovation	 of	 feed	 formulators,	738	
plant	protein	processors,	and	geneticists,	as	they	seek	to	reduce	fishmeal	 inclusion	rates	to	save	on	739	
scarce,	 fluctuating,	 and	 costly	 ingredients,	 and	 also	 by	 the	 efforts	 of	 civic	 society	 (e.g.	 NGOs)	 to	740	
discourage	 use	 of	 marine	 ingredients	 on	 alleged	 sustainability	 grounds.	 Since	 fish	 oil	 demand	 has	741	
become	a	derived	demand	for	EPA	and	DHA,	salmon	feed	buyers	compete	strongly	with	the	human	742	
nutrition	market,	while	supply	is	linked	to	that	of	its	co-product	fishmeal,	with	both	products	subject	743	
to	 the	 volatility	 of	 the	 dominant	 Peruvian	 catch	 due	 to	 El	Niño.	However,	Olsen	 and	Hasan	 (2012)	744	





(lower	 in	marine	content	 than	today’s	Scottish	average,	but	 the	same	as	current	Norwegian	 feeds),	749	
231,000	-	252,000	tonnes	of	salmon	feed	for	Scotland	in	2020	would	require	annually	69,000	-	76,000	750	
tonnes	 of	marine	 ingredients	 and	 162,000	 -	 176,000	 tonnes	 of	 plant	 ingredients.	On	 this	 basis	 the	751	
reduced	 fishmeal	 inclusion	 rate	 projected	 for	 2020	 will	 more	 than	 offset	 the	 increased	 feed	752	
production.	If	the	UK	annual	fishmeal	requirement	in	2020	is	45,000	-	50,000	tonnes	(compared	with	753	
c.	55,000	tonnes	demand	and	39,000	tonnes	supply	in	2014,	–	see	3.1)	and	domestic	supply	is	likely	to	754	
rise	over	 time,	most,	 if	not	all,	 fishmeal	 requirements	could	be	sourced	 locally	 if	desired.	However,	755	




OECD	 and	 FAO	 secretariats	 analysed	 the	 price	 ratios	 of	 aquaculture	 species	 relative	 to	 oilseed	760	
products	 and	 concluded	 that	 tight	 supplies	 of	 fishmeal	 and	 fish	 oil	 are	 likely	 to	 contribute	 to	 an	761	




and	 a	 switch	 in	 distribution	 of	 land	 from	 coarse	 grains	 to	 oilseeds.	 Global	 protein	 meal	 output	 is	766	
projected	 to	 increase	by	25	%	or	67	million	 tonnes	by	2022;	 this	envisages	 consumption	growth	of	767	




ingredient,	 non-GM	 soy	 (as	 SPC)	 is	 only	 c.	 1	%	 or	 7.5	%,	 respectively,	 of	 global	 supply,	 suggesting	772	
security	of	supply	 is	not	an	 issue.	The	European	salmon	 industry	 imports	non-GM	soya	mainly	 from	773	
Brazil	as	already	crushed	concentrate	 (see	3.2.1),	paying	a	premium	which	may	 increase	over	 time.	774	
Hence	 the	 strategic	 logic	 of	 avoiding	 over-reliance	 on	 imported	 soya	 products	 by	 greater	 focus	 on	775	
locally	 grown	 protein	 substitutes,	 including	 legumes,	 beans	 and	 peas,	 as	well	 as	 focusing	 on	 novel	776	
sources	of	EPA	and	DHA,	especially	from	algal	fermentation	and	transgenic	oilseed	crops.	If	microbial	777	
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8.1	 The	 Scottish	 salmon	 farming	 industry	 occupies	 a	 distinctive	 international	 market	 position	782	
supplying	a	differentiated	product	range	to	offset	potentially	higher	production	costs	compared	with	783	
the	much	larger	and	more	standardised	Norwegian	industry.	Scottish	production	therefore	relies	on	a	784	
variety	 of	 feed	 products,	 including	 specialist	 formulations	 with	 a	 higher	 than	 standard	 content	 of	785	






plant	 ingredients)	 compared	 with	 Norwegian	 farmed	 salmon	 reinforces	 a	 ‘healthy	 and	 natural’	792	
reputation	and	may	be	seen	as	a	necessary	trade-off	against	increased	feed	costs.	793	
	794	
8.3	 There	 is	 no	 evidence	 that	 terrestrial	 agricultural	 animal	 and	 plant	 feed	 resources	 are	 more	795	
sustainable	 for	 farming	salmon	than	using	 feed	 ingredients	based	on	wild-caught	marine	resources,	796	
provided	they	are	sourced	from	sustainably	managed	stocks	(or	from	the	growing	proportion	of	fish	797	
processing	 by-products,	 which	 currently	 represent	 25	 –	 30	 %	 of	 marine	 ingredients);	 hence	 an	798	





on	 sustainable	 raw	 materials	 has	 helped	 to	 counter	 claims	 of	 an	 unsustainable	 use	 of	 marine	804	
ingredients,	hence	the	growing	recognition	that	sustainability	 issues	 for	 farmed	Scottish	salmon	are	805	
now	more	 related	 to	 sea	 lice	 rather	 than	 feed	 ingredients.	 Certified	evidence	on	use	of	 renewable	806	
feed	 ingredients	 is	 underpinned	 by	 third	 party	 auditing.	 Retailers	 require	 suppliers	 to	 comply	with	807	







8.5	 Increased	demand	for	 fish	oil	 from	aquaculture	and	the	human	nutrition	 industry	has	coincided	814	
with	acute	scarcity	due	to	El	Niño	conditions	affecting	the	anchovy	fishery	 in	Peru	and	Chile.	 In	the	815	
short-term	 this	 issue	will	 temporarily	 resolve	 itself	 in	 Peru	 as	 the	 anchovy	 fishery	 recovers.	 In	 the	816	




plant	 sources	 of	 EPA	 and	 DHA	 become	 available.	 However,	 it	 is	 recognised	 that,	 use	 of	 GM	 feed	821	
ingredients	 at	 the	 present	 time	would	 risk	 lost	 sales	 to	 France,	which	 is	 the	 second	most	 valuable	822	
export	market	for	Scottish	salmon.		823	
	824	
8.6	There	 is	evidence	some	consumers	 take	 into	account	 the	health	benefits	when	choosing	to	buy	825	




meet	 the	 label	 claim	 is	 costly	 and	 difficult,	 but	may	 be	 necessary	 to	maintain	 industry	 and	 brand	830	
reputations.	At	 the	same	time	the	health	attributes	of	Scottish	salmon	are	not	solely	based	on	EPA	831	
and	DHA,	but	could	take	more	account	of	the	content	of	amino	acids,	vitamins	and	minerals,	etc.,	as	832	









the	high	 risk	of	a	negative	customer	 reaction.	 It	 is	 recognised	 that	 this	policy	 restricts	 sourcing	and	841	
runs	counter	to	sustainability	options,	but	 is	unlikely	to	change	in	the	near	future.	The	potential	for	842	
insect-based	 ingredients	 has	 yet	 to	 be	 evaluated	 and	 developed,	 but	 could	meet	 similar	 consumer	843	
objections.		844	
	845	




to	 alter	 this	 policy	 on	 grounds	 of	 protein	 availability,	 although	 this	 situation	 could	 change	 in	 the	850	
future.	 The	 position	with	 omega-3	 LC-PUFA	 is	 different	 as	 the	 likely	 commercial	 availability	 of	 GM	851	
oilseed	 crop	 sources	 by	 around	 2020	 from	 outside	 Europe	 offers	 a	 possible	 solution	 to	 a	 chronic	852	
shortage.	Avoiding	GM	could	mean	that	 the	Scottish	 industry	 is	accused	of	 supplying	a	 less	healthy	853	
product	 than	 in	 those	 countries	 using	 GM	 feed	 ingredients.	 It	 does	 not	 appear	 to	 be	 logistically	854	




on	 cost-effective	 local	 alternatives	 to	 non-GM	 SPC	 in	 particular.	 Provided	 it	 becomes	 available	 on	859	
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Total	fishery	production	(World)	 153.940	 181.070	 188.093	 194.800	 194.792	
Aquaculture	 62.924	 85.124	 92.402	 99.330	 99.330	
Capture	 91.016	 95.946	 95.692	 95.474	 95.462	
Fishmeal	production	(product	weight)	 6.103	 7.021	 7.358	 7.679	 7.734	
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Salmonids	 Other	 Marine	ﬁsh	 Crustaceans	 Cyprinids	 Eels	 Tilapias	
